Organisms of the third domain of life, the Archaea, share molecular characteristics both with Bacteria and Eukarya. These organisms attract scientific attention as research models for regulation and evolution of processes such as transcription, translation, and RNA processing. We have reconstructed the primary transcriptome of Sulfolobus solfataricus P2, one of the most widely studied model archaeal organisms. Analysis of 625 million bases of sequenced cDNAs yielded a single-basepair resolution map of transcription start sites and operon structures for more than 1000 transcriptional units. The analysis led to the discovery of 310 expressed noncoding RNAs, with an extensive expression of overlapping cis-antisense transcripts to a level unprecedented in any bacteria or archaea but resembling that of eukaryotes. As opposed to bacterial transcripts, most Sulfolobus transcripts completely lack 59-UTR sequences, suggesting that mRNA/ncRNA interactions differ between Bacteria and Archaea. The data also reveal internal hotspots for transcript cleavage linked to RNA degradation and predict sequence motifs that promote RNA destabilization. This study highlights transcriptome sequencing as a key tool for understanding the mechanisms and extent of RNA-based regulation in Bacteria and Archaea.
The Archaea are one of the three domains of life. They lack a nucleus and have an overall genome organization similar to that of Bacteria, but many of their molecular systems, including the transcription, translation, and DNA packaging apparatuses, are similar to those of eukaryotes (Bell and Jackson 1998) . These organisms thus became an axis of interest in questions concerning the evolution of basic molecular machineries. Over the last three decades, Sulfolobus solfataricus, a sulfur-metabolizing aerobic archaeon that grows optimally at 80°C and pH 2-3 (Brock et al. 1972) has been one of the most widely studied archaeal organisms. Sulfolobus serves as a research model for mechanisms of transcription, translation, DNA damage, DNA replication, cell cycle, and RNA processing (She et al. 2001) .
Deep transcriptome sequencing (RNA-seq) has recently emerged as a method enabling the study of RNA-based regulatory mechanisms in a genome-wide manner (Wang et al. 2009 ). In eukaryotes, RNA-seq has been used for the discovery of splice variants, RNA editing sites, and new microRNAs (Glazov et al. 2008; Sultan et al. 2008; Li et al. 2009 ). Recent studies have utilized RNA-seq for bacterial transcriptome research and demonstrated its effectiveness in accurate operon definition, discovery of noncoding RNAs, and correction of gene annotation (Passalacqua et al. 2009; Perkins et al. 2009; Yoder-Himes et al. 2009 ).
To date, there has been no systematic characterization of an archaeal transcriptome by deep sequencing. The largest number of transcription start sites (TSSs) characterized for any archaeal organism is 40 (Brenneis et al. 2007) , and no complete archaeal operon map has been experimentally determined. Directed efforts have been conducted to detect small noncoding RNAs (sRNAs) in S. solfataricus (Tang et al. 2005; Zago et al. 2005) , but since these efforts were based on cloning of size-selected individual transcripts, they had limited capacity and yielded only partially overlapping results.
Using a combination of whole-transcript sequencing and strand-sensitive 59-end determination, we have generated a map of the S. solfataricus transcriptome to a single-nucleotide resolution. The exact TSS and operon structures were determined for more than 1000 transcripts, and more than 300 noncoding RNAs were detected. This approach also revealed 80 new protein-coding genes and resulted in the correction of annotation for >5% of all genes in the genome.
Results
To generate a single-nucleotide resolution map of the S. solfataricus P2 transcriptome, we combined two independent transcriptome sequencing approaches: whole-transcript sequencing and 59-end sequencing (Fig. 1 ). In the whole-transcript approach, doublestranded cDNA is prepared using random-hexamer priming on total RNA and then broken in random positions. Resulting cDNA fragments are sequenced using the Illumina Genome Analyzer, yielding strand-insensitive sequence reads that cover the entire lengths of cellular transcripts. In parallel, a 59-end sequencing protocol is used to identify the exact 59-end of each transcript and determine the strand of transcription. In this protocol, Illumina 59 adapters are ligated to the exposed 59-ends of total RNAs prior to reverse transcription ( Fig. 1; Methods) .
These sequencing protocols were applied on three separate samples of S. solfataricus independently grown on three different carbon sources (Table 1 ; Methods). The resulting 36-bp reads were mapped to the genome allowing up to two mismatches, and reads that mapped equally well to more than one position on the genome, as well as reads mapped to ribosomal RNAs, were discarded (Methods). This yielded a total of 2.65 million 59-end reads and 1.09 million whole-transcript reads mapped to the genome (Table  1) . In general, 89.5% of the genome was transcribed in at least one growth condition, and 45% of the genome showed transcription in all three conditions. Genes involved in information processing tended to be highly expressed (Supplemental Fig. S1 ). As detailed below, the mapped transcriptome data were used for a careful automated and manual annotation of the transcriptome structure.
Transcription start sites and comprehensive operon map
The sequences derived from the 59-end approach may correspond either to real beginnings of transcripts existing in the native cell or to break points of degraded RNA molecules. To detect reproducible 59 ends of transcripts, we further considered only positions represented by at least two reads in each of the three sequenced samples, and by more than 10 reads cumulatively (Methods). There were 1.83 million reads that corresponded to such positions, with 53% of them mapped up to 50 bases upstream of an annotated beginning of a gene (and having the strand match the predicted transcription direction). This represents a 10-fold enrichment for 59 ends of transcripts (P < 10 À30 ). Such enrichment was not detected in the whole-transcript sequencing data. These results indicate that our 59 sequencing approach largely maps actual beginnings of RNAs in the cell (Fig. 1B) . We defined the dominant TSS of annotated genes as the upstream site supported by the highest number of 59-end reads (Fig.  1B) . To verify that the defined sites represent genuine TSSs, we examined the nucleotide composition upstream to these sites. Most archaeal genes are known to be preceded by a TATA-like conserved core promoter motif, centered ;26 bp upstream of the TSS (Zillig et al. 1988; Reiter et al. 1990 ); indeed, the vast majority of our defined TSSs were preceded by this core promoter, with a BRE element (Soppa 1999) appearing upstream ( Fig. 2A) . In addition, our data show that transcription in S. solfataricus invariably begins with a purine, with a pyrimidine at position À1 ( Fig. 2A) . These results indicate that our TSS mapping is accurate to singlenucleotide resolution.
We further examined the distance of the identified TSS from the annotated open reading frame (ORF). In the majority of the protein-coding transcripts (69%), the transcription began exactly at the ''A'' of the ATG translational start site or 1-3 bases upstream of the ATG, leaving no room for a 59 Shine-Dalgarno ribosomal binding site leader (Fig. 2B) . Therefore, these transcripts lack 59 untranslated regions (UTRs), which, in bacteria, frequently have regulatory capacity. Such ''leaderless'' transcripts have been previously detected in Sulfolobus and other archaea, both in experimental and bioinformatics analyses (Tolstrup et al. 2000; Moll et al. 2002; Benelli et al. 2003; Brenneis et al. 2007) ; in these cases, the translation is presumed to be initiated by an initiator f-Met-tRNA bound to the AUG at the beginning of the mRNA (Benelli et al. 2003) . Our results suggest that leaderless translation is the preferred strategy for translation initiation of operon-beginning genes in the Crenarchaeon S. solfataricus P2. This is in agreement with results obtained on 40 transcripts from Euryarchaeota (Brenneis et al. 2007) , suggesting that the preference for leaderless transcripts might be an Archaea-wide trait. Since leaderless transcripts in S. solfataricus are the rule rather than the exception, we tested whether 59-UTR-containing transcripts shared unique features. We found that genes involved in protein translation were twofold over-represented among the genes with 59 UTRs (P < 0.0008, corrected for multiple testing) (Supplemental Table S2 ). For example, 18/25 (72%) of expressed ribosomal protein genes that begin an operon have a 59 UTR 8 bp or larger, suggesting a role for 59 UTRs in the regulation of these genes.
In the vast majority of sequenced bacterial and archaeal genomes, genes are annotated using automated, error-prone gene prediction software (McHardy et al. 2004) . Our data enabled the correction of 162 misannotated gene structures (Fig. 2C) . In most corrected cases, the N terminus of the gene was shortened, reflecting the tendency of automated gene prediction to select the largest possible ORF. The large number of corrected gene predictions (5.3% of all annotated genes) suggests that transcriptome sequencing would be beneficial for enhancing the annotation in many sequenced bacterial and archaeal genomes.
Genes in microbial genomes are often arranged in operon structures, with one polycistronic mRNA encompassing several genes. We defined transcriptional units (TUs) in S. solfataricus as regions presenting a continuous coverage of whole-transcript reads, and that had a mapped upstream TSS ( Fig. 2D ; Methods). Overall, 1040 such TUs were defined, encompassing 1478 (48%) of the protein-coding genes in S. solfataricus. Most (72%) TUs were monocistronic, with only 80 TUs (8%) containing three genes or more. The largest number of genes in a single operon was 14 (ribosomal proteins operon, 601,227-607,782), and the largest TU was 8.7 kb long (purine biosynthesis operon, 542,822-551,545). This is the first experimentally determined operon map for an archaeon.
Noncoding RNAs and cis-antisense transcripts
The availability of a transcriptome map for S. solfataricus now allows the detection of new transcripts that were previously not annotated in the genome. Such transcripts include noncoding RNAs (ncRNAs), which were shown in other microorganisms to regulate important processes such as pathogenesis, iron metabolism, and quorum sensing (Bejerano-Sagie and Xavier 2007; Masse et al. 2007; Toledo-Arana et al. 2007 ). We have recently developed an algorithm that uses RNA-seq data to detect novel ncRNAs in bacteria, and experimentally demonstrated using Northern blots and microarrays that the predicted ncRNAs are indeed expressed in the bacterial cell (Yoder-Himes et al. 2009 ).
We searched evidence for transcribed ncRNAs in the transcriptome of S. solfataricus and found 390 transcriptional units not overlapping any annotated coding sequence (CDS). Of these, 80 probably represented unannotated protein-coding genes ( Fig. 2C ; Supplemental Table S1 ; Methods), as their downstream sequences matched proteins previously annotated in other genomes (75 cases), or because they preceded an ORF (five cases). Presumably, these ORFs were not previously predicted owing to their relatively short sizes (average 67 amino acids). The remaining 310 transcripts probably represent ncRNAs transcribed in S. solfataricus.
Two previous studies have used large-scale shotgun cloning of small transcripts to identify ncRNAs in S. solfataricus, and detected 57 and 45 ncRNAs, respectively (Tang et al. 2005; Zago et al. 2005 ).
All these previously identified ncRNAs, as well as all previously characterized sno-like RNAs, were detected in our transcriptome data (although some were expressed only in one of the growth conditions) (Methods), further suggesting that our transcriptome map indeed represents the vast majority of the primary S. solfataricus transcriptome. We have also detected the RNase P ncRNA, which was previously missing from the S. solfataricus genome annotation. The ncRNAs detected here were generally highly conserved (P < 0.0005) in six closely related Sulfolobus islandicus genomes (Reno et al. 2009 ), further establishing them as possibly functional transcripts (Methods). Still, it remains to be determined which of these ncRNAs is functionally important, and under what conditions. Dominant groups among the S. solfataricus ncRNAs included transposon-associated ncRNAs (28 cases), which putatively regulate transposition (Tang et al. 2005) ; CRISPR-associated small RNAs (18 cases), a group of ncRNAs that provide protection against phage and plasmid infection (Sorek et al. 2008) ; and C/D-box RNAs, which guide methylation sites in rRNAs or tRNAs (13 cases) (Supplemental Table S3 ; Zago et al. 2005) . Some guide RNAs were found in repetitive genome regions, where reads could not be uniquely mapped; such cases are absent from our annotations.
Interestingly, the majority of ncRNAs we discovered (185 cases, 60%) corresponded to cis-encoded antisense RNA transcripts ( Fig. 3 ; Supplemental Table S1 ). These transcripts reside on the strand opposite to another gene, and are thus fully complementary with their targets. A handful of chromosomally encoded cisantisense transcripts were documented in bacteria and were shown to regulate translation, mRNA stability, and mRNA degradation (Brantl 2007; Toledo-Arana 2009) . We examined whether the antisense transcripts in S. solfataricus preferentially overlap specific types of genes. Genes involved in ion transport and metabolism were found to be threefold over-represented than expected among genes having overlapping antisense transcripts (P < 0.02, corrected for multiple testing), suggesting that antisense transcription might be a common regulatory mechanism for such genes in S. solfataricus (Supplemental Table S1 ; Methods). Membrane transporters were previously documented to be regulated by cis-antisense in bacteria (Chen and Crosa 1996) .
Our results show that the regions upstream of the TSS of antisense transcripts contain an archaeal core promoter in positions À29 to À23, similar to protein-coding sense genes (Fig. 3F) . Interestingly, the promoters of most (75%) of the antisense transcripts were embedded in the protein-coding region of the sense gene (Fig. 3) , imposing an evolutionary constraint on the protein sequence. If, indeed, the antisense transcripts hold a regulatory capacity, then our data suggest that these sense genes ''carry'' their antisense regulation within their own sequence.
We note that the number of 185 antisenses we detected in S. solfataricus is probably very conservative, as it only represented transcripts constitutively expressed in all three growth conditions examined, and were supported by more than 10 sequence reads. Additional, condition-specific antisense transcripts might be detected if thresholds are relaxed. Still, cis-antisense transcription has never been observed in this scale for any Bacteria or Archaea to date but has been documented in many eukaryotes including Arabidopsis, Drosophila, and human (Yamada et al. 2003; Yelin et al. 2003; Numata et al. 2007 ; see Discussion).
RNA degradation
Despite the general concentration of sequenced 59-ends near annotated beginnings of genes, additional internal sites were found within most transcribed RNAs ( Fig. 4A ; Supplemental Table S1 ; Methods). We hypothesized that these sites correspond to positions where the RNAs are cleaved by endoribonucleases to promote RNA turnover/degradation. To test this hypothesis, we compared our data with a transcriptome-wide map of S. solfataricus RNA halflives collected through microarray analysis (Andersson et al. 2006) . We detected an inverse correlation between RNA half-life and the number of internal sites (Spearman correlation, r = À0.9; P < 0.00023), that is, genes with shorter half-lives tended to have a larger number of internal sites (Fig. 4B) . Similarly, the ratio between the number of reads in the TSS and the number of reads in the internal sites strongly correlated with half-life (Spearman correlation, r = 0.9; P < 0.00015) (Fig. 4C ). This correlation was not dependent on transcript size. These results suggest that the internal sites we observe are hotspots for transcript cleavage in the process of RNA destabilization.
The reproducible sequencing of the same internal sites across several growth conditions implies that there might be a preference for cleavage at specific sites. By calculating the base distribution surrounding 1240 dominant internal sites, we detected the position-specific motif TNRNR|NTDR (where | marks the cleavage position, R = A/G, D = A/G/T), which was 10-fold over-represented at cleavage positions than at random positions taken from the same genes (Fig. 4D) . This motif might, therefore, be a preferential recognition site for cleavage in the RNA, thereby beginning the cascade leading to RNA degradation. Our results therefore suggest that RNA degradation in S. solfataricus possibly includes cleavage at specific positions within the transcript. These results also show that 59-end RNA sequencing is a useful tool for documenting RNA degradation in Bacteria and Archaea.
In Gram-negative bacteria, RNase E binds RNAs that are marked for degradation and generates internal cleavages in AU-rich sites, resulting in RNA fragments that are degraded in the 39-59 direction by the exosome (Evguenieva-Hackenberg and Klug 2009). In Archaea, no endoribonuclease was identified to be responsible for internal mRNA cleavage, and RNA degradation is thought to be driven mainly by the exosome from the 39 end. However, some S. solfataricus proteins presented endoribonucleolytic activity in vitro (Evguenieva-Hackenberg and Klug 2009). It might be hypothesized that one or more of these endoribonucleases is responsible for the preferential cleavage we had observed. 
Discussion
Most sequenced bacterial and archaeal genomes are annotated almost solely based on gene prediction software that can detect CDS and a limited set of ncRNAs. Such annotations are errorprone, fail to predict small protein-coding genes, cannot reliably determine operon structures, and leave most ncRNAs and UTRs undetected. In S. solfataricus, our whole-transcriptome sequencing approach enabled correction of 162 gene annotations, defined 80 new expressed ORFs, detected more than 300 ncRNAs (including the conserved RNase P gene), and defined the operon structures of more than 1000 transcriptional units. The complete extended annotation can be viewed in an interactive browser at http://www.weizmann.ac.il/molgen/Sorek/Sulfolobus_solfataricus_ transcriptome/index.html.
Although our approach accurately maps the exposed 59 ends of transcripts in the cell, it has several limitations. First, the 39 ends of transcripts are inferred from the wholetranscript coverage only and are thus not accurately determined. Second, our approach detects transcripts constitutively expressed in all three growth conditions examined and hence defines the ''primary'' transcriptome. Regulated transcripts, expressed in only one of the conditions (or in a condition not tested), have not been annotated here. Indeed, only 48% of the defined operons in this study showed constitutive expression under the growth conditions examined. To map the expression of every gene in the genome, one must grow the organism under a large array of conditions that would allow expression of every gene. This, however, was out of the scope of this study.
A recent study has documented a large number of internal TSSs within operons of the archaeaon Halobacterium salinarum NRC-1 (Koide et al. 2009 ). Although some of the internal sites we identified might represent sites where transcription was initiated, the lack of core promoter signal upstream of these sites indicates that the majority of internal sites do not represent internal TSSs (Fig. 4) . Furthermore, the strong correlation of these sites with RNA degradation data, and the motif we detected at the suggested cleavage positions, suggest that most of these sites are cleavage products rather than sites where new transcription was initiated.
In Bacteria, regulation by noncoding RNAs is mostly mediated by base-pairing with the 59 UTR of target mRNAs (Waters and Storz 2009) . The general lack of 59 UTRs in the archaeal transcriptome points to a different mode of ncRNA action. Based on the observation that archaeal mRNAs have 39 UTRs of significant sizes (Brenneis et al. 2007 ), it is conceivable that ncRNA regulation is mediated by interaction with the 39 UTR, as in eukaryotes. Indeed, Tang et al. (2005) have demonstrated long regions of complementarity between S. solfataricus ncRNAs and 39 UTRs of protein-coding mRNAs.
The results of this study indicate that at least 8% of S. solfataricus operons are overlapped by antisense transcripts. Cisencoded antisense transcripts have been previously documented in Archaea (Tang et al. 2005; Straub et al. 2009 ) and in Bacteria (Brantl 2007) , but not to this extent of abundance. However, such antisense transcripts were documented in many eukaryotic species, including mammals, plants, and flies (Yamada et al. 2003; Yelin et al. 2003; Numata et al. 2007 ), where such transcripts have been implicated in genomic imprinting, RNA interference, translational regulation, alternative splicing, X-inactivation, and RNA editing (Lavorgna et al. 2004 ). In human, where antisense transcription was extensively characterized experimentally, it is estimated that 5%-25% of transcripts have a cis-antisense counterpart Negative correlation between the observed number of internal sites in our data and transcript half-life as measured in a global survey of S. solfataricus RNA stability (Andersson et al. 2006) . Transcripts with shorter half-lives tend to contain a higher number of internal sites (Spearman correlation, r = À0.9). (C ) Ratio between the number of reads in TSS and number of internal reads is positively correlated with transcript half-life (Spearman correlation, r = 0.9). (D) A sequence motif at the position of internal sites. Nucleotide frequency at internal sites (n = 1240) was plotted using the WebLogo tool (Crooks et al. 2004) . Position 0 represents the first sequenced nucleotide, that is, the first nucleotide 39 to the RNA cleavage position. The core promoter is largely absent from the region upstream to this motif. Yelin et al. 2003; He et al. 2008) . The rareness of cis-antisense documentation in Bacteria might reflect the fact that very few strand-sensitive whole-transcriptome sequencing efforts were done in Bacteria to date; alternatively, this mechanism might be unique to Archaea and eukaryotes. Whether the S. solfataricus antisense transcripts are functionally important, and the mechanism by which these transcripts might regulate their sense counterparts, remains to be determined.
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Methods

Growth of S. solfataricus
All salts and reagents used were reagent grade and obtained from Sigma. S. solfataricus (DSMZ 1617) was grown in defined modified Brock's mineral medium containing (final concentrations) 0.25 g/L CaCl 2 Á2H 2 O, 0.25 g/L KH 2 PO 4 , 1.3 g/L (NH 4 ) 2 SO 4 , 0.28 g/L MgSO 4 Á7H 2 O, 0.02 g/L FeCl 3 Á6H 2 O, and trace mineral solution (1003) containing 10 nM MnCl 2 , 120 nM Na 2 B 4 O 7 , 640 nM ZnSO 4 , 0.5 nM CuCl 2 , 0.1 nM NaMoO 4 , 0.1 nM VOSO 4 , 0.03 nM CoSO 4 , and 0.09 nM NiSO 4 . The final pH of the solution was adjusted to pH 3.5 with H 2 SO 4 . Where mentioned, glucose, cellobiose, and avicel (microcrystalline cellulose) were used as the sole carbon source at a final concentration of 0.4% (w/v). The cells were grown to mid-log phase at 80°C at 170 rpm, and growth was monitored using direct cell counts with a light microscope.
Total mRNA isolation of S. solfataricus
Total RNA was isolated from S. solfataricus using the TRIzol method. Fifty milliliters of cells pelleted from mid-log phase culture was washed in 1 mL of medium and resuspended in 100 mL of buffer containing 25 mM Tris/HCl (pH 8.0), 1 mM EDTA, and 100 mM NaCl (Buffer A). After 15 min of incubation on ice, 100 mL of Buffer A supplemented with 1.6% N-lauryl sarcosine (w/v) (sodium salt; Sigma), 0.12% (v/v) Triton X-100 (Buffer B; Sigma), and incubated for 30 min at room temperature. One milliliter of TRIzol reagent (Invitrogen) was added to the solution. The resulting mixture was mixed by inverting the tube and incubated for 5 min at room temperature. Two hundred microliters of chloroform (Sigma) was added the tube, and the resulting mixture was shaken vigorously and centrifuged at 14,000 rpm for 15 min. Following phase separation, the upper phase was removed and pipetted into a separate centrifuge tube. Five hundred microliters of isopropanol was added to the separated supernatant, and the tube was centrifuged at 12,000 rpm for 15 min. The resulting pellet was washed with 70% ethanol, air-dried, and resuspended in 40 mL of dH 2 O.
cDNA preparation
59-end RNA-seq
For each sample, 10 mg of total RNA was incubated with 2 U of TAP (Epicentre) for 1.5 h at 37°C to generate 59 monophosphate RNAs. 39 Ends were blocked by incubating the TAP-treated RNA with 2.5 mL of 100 mM NaIO 4 for 1.5 h at 4°C in the dark. Excess NaIO 4 was saturated by adding 1/10 volume of 1 M lysine and incubating for 10 min at room temperature. Each reaction was then passed through NucAway spin columns (Ambion) to remove salts as instructed by the manufacturer. The 56-bp Illumina 59 adapter (in a single-strand RNA form) was ligated to the resulting treated RNA by using T4 RNA ligase (Invitrogen) in the presence of RNase inhibitor (Invitrogen) in a final volume of 50 mL as instructed. The reaction was incubated overnight at 16°C. Five microliters of 5 M NH 4 OAc and 125 mL of ethanol were then added, and the reaction was chilled for 20 min at À20°C. The sample was spun at maximum speed for 15 min, and ethanol was removed. After a second wash with 70% ethanol, RNA was dissolved in 10 mL of RNase-free water. For the first strand synthesis of cDNA, the SuperScript First Strand Synthesis system (Invitrogen) was used according to the manufacturer's instructions. The primers used were random hexamers attached to the Illumina 39 adapter. RT products were cleaned using Montage Clear columns (Millipore) to remove primer dimers. The cleaned RT product was then amplified using primers matching the 59 and 39 Illumina adapters for 20 cycles of PCR. The resulting cDNA was run on a 3% low melting agarose gel, a gel slice containing cDNA sized 150-500 bp was taken, and cDNA was extracted. The retrieved cDNA was sent for sequencing using the Illumina Genome Analyzer.
Whole-transcript RNA-seq
Ten micrograms of total RNA was treated with RQ1 RNase-free DNase in a final volume of 50 mL. The reaction was incubated for 30 min at 37°C and stopped by addition of RQ1 DNase stop solution and incubation for 10 min at 65°C. Double-strand cDNA (dscDNA) was generated using the Double Stranded cDNA Synthesis kit (Invitrogen) as instructed, except that the oligo(dT) primers were replaced by random hexamers for first-strand synthesis. The resulting ds-cDNA was cleaned as described above and sent for sequencing using the Illumina Genome Analyzer per the manufacturer's instructions (including the nebulization and adapter ligation shown in Fig. 1 ).
Read mapping and analysis
Sequencing reads were mapped to the S. solfataricus P2 genome (GenBank: NC_002754) using BLASTN with an E-value of 0.0001 and the ''-F F'' flag. Only reads mapped by at least 33 bp to the genome with up to two mismatches were taken into account. Under these parameters, BLASTN produces alignments similar to those of Maq (Pearson correlation ; 1, P = 0). The alignment with the best bit-score was accepted as the correct mapping for each read. Reads having more than one best-scoring position on the genome, as well as reads mapped to rRNA, were discarded. Since rRNA molecules are larger, on average, than mRNAs, there was more rRNA representation in the whole-transcript data (Table 1) . A transcript coverage map was calculated based on the alignment of whole-transcript reads. The background expression level was determined as the expression in the tenth percentile of the lowest expressed genes. The calculated background was 0.8 reads/bp.
For each read, the position where the alignment began (associated with the alignment strand relative to the genome) was recorded. ''Reproducible 59-end sites'' were defined as positions supported by at least five reads in the cellobiose sample, four reads in the cellulose sample, and two reads in the glucose sample. These parameters normalize the differences between sample sizes, that is, the different number of reads obtained for each of the growth conditions.
Gene annotation for S. solfataricus P2 was downloaded from GenBank. For each gene, reproducible sites that overlapped its protein-coding region, as well as those residing in the intergenic region upstream of its beginning, were associated with the gene. Gene-associated sites were defined as such only if their strand matched the direction of transcription of their respective genes. Sites were divided to ''upstream sites'' (those that occur upstream of the gene start or overlap the first nucleotide of the ORF) and ''middle sites'' (those occurring within the ORF). The dominant upstream site, that is, the one supported by most sequences, was further considered as the TSS of the gene. All the associated sites for each gene are summarized in Supplemental Table S1 .
Operon definition
Genes that start an operon were defined as genes with an upstream reproducible 59-end site, or genes whose upstream genes were located on the other strand. A new operon was defined when a significant change (greater than twofold) of read coverage occurred between genes for >36 bp (read size). In cases in which expression data were absent, genes that were <40 bp apart and located on the same strand were defined as belonging to the same operon (Tolstrup et al. 2000) . Operon definitions obtained through this approach were manually refined to account for large fluctuations in sequencing coverage.
ncRNA discovery
Reproducible sites that were not found to overlap (or to be upstream of) any annotated gene in the correct strand were analyzed as possibly encoding the 59 ends of noncoding RNAs. These sites were scanned for downstream ORFs. Detected ORFs were tested using BLASTP for homology with known proteins (E-value = 1 3 10
À4
). ORFs having similarity to known proteins were classified as misannotated genes, and ORFs sized greater than 50 amino acids with no homologs were classified as possible novel proteins.
The transcript length of ncRNAs was estimated by scanning the read coverage, produced by the whole-transcript sequencing, downstream to the reproducible site. A sharp decline in the read coverage was considered the end of the transcript based on a manual assessment. The predicted sequences were tested for homology with known ncRNA genes using BLASTN (E-value = 1 3 10 À6 , word = 4). Conservation of novel ncRNAs detected in this study was determined by comparing them with sequence homologs in six S. islandicus genomes (downloaded from NCBI: NC_012588, NC_012589, NC_012622, NC_012623, NC_012632, NC_012726) using BLASTN (E-value = 1 3 10
À6
, word = 7). As a control, random intergenic regions of the same sizes that were not predicted as ncRNAs were similarly compared to the six S. islandicus genomes. The negative control process was repeated 2000 times to generate a statistical P-value for ncRNA conservation.
Identification of previously known ncRNAs
Sequences of known ncRNAs were downloaded from NCBI. These sequences were aligned to the genome using BLASTN (E-value = 1 3 10 À6 , word = 4) and were searched for expression. In cases in which an ncRNA was found in at least one of the growth conditions, it was determined as identified. ncRNAs aligned to more than one genomic position with the same score, for example, ncRNAs from repetitive elements, were determined as identified if reads that aligned to these genomic positions were found. Coverage of whole-transcript sequencing data in isolated intergenic regions that lacked a sequenced 59 end was also considered as ncRNA.
COG analysis
Genes were sorted to the different COG functional groups according to the COG data available on the NCBI site (http:// www.ncbi.nlm.nih.gov/sites/entrez?Db=genome&Cmd=Retrieve& dopt=Protein+Table&list_uids=180). Only genes that showed expression were analyzed. Genes that didn't show any expression, as well as those for which no COG was assigned, were excluded from further analysis. COG functional groups with less than 20 genes that showed expression were discarded from subsequent analysis because of lack of statistical power. Enrichment of antisense or genes with 59 UTRs within a specific COG group was tested using hypergeometric probability followed by Bonferroni correction for multiple testing.
RNA cleavage/degradation
Internal sites were defined as reproducible sites that were found in the middle of a gene sequence, on the same strand. Only sites found more than 50 bp downstream from the annotated ORF beginning (ATG) were analyzed as internal sites. In cases where several sites were closely spaced on the transcript, only the dominant site was selected, that is, the site supported by most reads in windows of 50 bp. Dominant sites (n = 1240) were used for the preparation of the plot in Figure 4D .
